In recent studies involving repeated measures of blue grama (Bouteloua gracilis) biomass on small (I< m2) plots in the shortgrass steppe (Williamson 1983), several nondestructive herbaceous sampling methods were tried, including visual estimation and height and density measurements (Reppert et al. 1962, 't Mannetje 1976, Tothill 1976. None of these methods possessed the degree of accuracy and precision under a variety of phenological stages and meteorological conditions required for our investigations. Others have used the product of ground cover and sward height to estimate graminoid biomass (Past0 et al. 1957, Evans and Jones 1958); however, methods based on maximum plant height do not provide reliable estimates of blue grama standing crop (Crafts 1938). Pasto et al. (1957) concluded that such methods have limited practicality until some alternative to use of maximum plant height as an indicator of plant standing crop is developed. We therefore developed an alternative, nondestructive method for estimating aboveground standing crop. Based on ground cover and total blade length per tiller, this new method has a high predictive capacity for estimating aerial biomass of blue grama.
In recent studies involving repeated measures of blue grama (Bouteloua gracilis) biomass on small (I< m2) plots in the shortgrass steppe (Williamson 1983) , several nondestructive herbaceous sampling methods were tried, including visual estimation and height and density measurements (Reppert et al. 1962 , 't Mannetje 1976 , Tothill 1976 . None of these methods possessed the degree of accuracy and precision under a variety of phenological stages and meteorological conditions required for our investigations. Others have used the product of ground cover and sward height to estimate graminoid biomass (Past0 et al. 1957, Evans and Jones 1958) ; however, methods based on maximum plant height do not provide reliable estimates of blue grama standing crop (Crafts 1938) . Pasto et al. (1957) concluded that such methods have limited practicality until some alternative to use of maximum plant height as an indicator of plant standing crop is developed. We therefore developed an alternative, nondestructive method for estimating aboveground standing crop. Based on ground cover and total blade length per tiller, this new method has a high predictive capacity for estimating aerial biomass of blue grama.
Materials and Methods
The study site was located 35 km northeast of Fort Collins, Colo., on the southwestern edge of the USDA Agricultural Research Service's Central Plains Experimental Range. Climate and vegetation of the study area have been described by Lauenroth et al. (1978) . All studies were conducted on ungrazed and undisturbed monospecific swards of blue grama, a tufted, sod-forming, warm-season, perennial shortgrass which is the dominant species and primary forage plant in the shortgrass steppe (Hyder et al. 1975) .
Vegetation was sampled within randomly placed square (0.7 m*) quadrats. For graminoid sampling, experimental units of at least 0.3 m* and less than 0.8 rn2 provide a stable coefficient of variation, while maximizing the amount of information per hour of labor when high precision is required (Evans and Jones 1958, McIntyre 1976) . A square wood frame with an inner grid comprised of 16 strings set at IO-cm intervals along both axes of the frame was placed 4 cm above the ground. Basal cover of tillers was measured to the nearest millimeter along each string, for a total of 13.3 m of line measurements per quadrat. At alternate intersections of 2 strings, the nearest blue grama tiller was selected, and length (mm) of each blade was recorded. Percent basal cover and mean total blade length per tiller (n=32) were calculated for each frame placement.
In 1979, calibration data obtained on 5 dates during the growing season were pooled to compute double sampling regression coefficients. Fifty percent of the calibration samples were chosen from areas with a relatively high biomass, 25% from areas with a relatively low biomass, and 25% from areas with an intermediate biomass. Sampling occurred on 21 May (11 plots), 28 May (10 plots), 12 June (10 plots), 22 June (5 plots), and 13 July (10 plots). Vegetation on calibration plots was measured for blade lengths and basal cover, clipped at ground level, and oven dried at 60° C for 72 hours. Calibrations of percent basal cover, total blade length per tiller, and standing crop index (percent basal cover l mean total blade length per tiller) vs. plant biomass were obtained by using a least squares fit of a zero-intercept linear regression. To evaluate temporal variation in the regression coefficient, we calibrated again in 1980, on 5 and 6 June (16 plots) and 24 and 25 July (18 plots).
Results and Discussion
Sampling techniques that utilize density and height measurements are attempts to relate volume (area l height) to biomass (Uresk et al. 1977) . Our standing crop index (a volume measurement) showed a distinct improvement in goodness of fit over either percent basal cover (an area measurement) or total blade length (a height measurement) alone (Figs. I and 2A) . The correlation coeffi cient for all data in 1979 ( Fig. 2A) standing crop index values. Although total blade length per tiller on 1979 calibration plots had greater predictive capability than percent basal cover (Fig. l) , there was a substantial underestimation of biomass in the low range (0 to 100 mm) of total blade length. Basal cover has been used alone as an index of graminoid biomass (Anderson and Kothmann 1982) . However, when basal cover is high, the high variability of standing crop estimates can preclude its use (Past0 et al. 1957) . In this study, variability in the relationship between blue grama biomass and percent basal cover increased greatly when basal cover exceeded 1% (Fig. IA) . Average blade length has also been used as an indicator of standing crop in some species (Chapman 1976); however, it is only a fair indicator of blue grama biomass (Turner and Klipple 1952) . Sharrow (198 1) reported maximum tiller length is a valuable indicator of tiller weight for shortgrasses. We utilized total blade length per tiller because it accounts for both total number of blades and blade length and therefore was a potentially better indicator of shortgrass biomass than average blade length, maximum blade length, or maximum tiller length.
Year-to-year variation in the weight:volume ratio was indicated
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by the different regression coefficients obtained in the 1979 and 1980 calibrations (Fig. 2) . As was also reported by Turner and Klipple (1952) , variation within the growing season was found in this study; the regression coefficient in late July was 0.089, compared with 0.055 in early June (Fig. 2, B and C) . This difference reflects a higher dry weight:volume ratio in late July than in early June. Recalibration for each nondestructive sampling period should increase the accuracy of biomass estimates, especially for high biomass plots.
The usefulness of an indirect measure of standing crop depends on precision of the estimate and on stability of the regression coefficients (Reppert et al. 1962) . For this study, optimizing precision of blade length and basal cover estimates was defined as minimizing variation in each of the 2 types of measurements (basal cover and blade length) subject to the fixed cost constraint that average time per plot should not exceed 20 minutes with 2 people measuring and 1 recording. Basal cover measurements require minimal time for a large sample but are subjective where plant limits are not well defined (Tothill 1976) . Measurements of total blade length per tiller are more objective; however, this requires that each blade on a tiller be measured to achieve desired levels of precision. A sampling scheme utilizing 13.3 m of line transects (<lo minutes) and blade measurements on 32 tillers (<lo minute) per plot was found to optimize the accuracy and precision of plants measurements in this study.
To minimize the bias inherent in least squares regression estimates, only straight line regressions were used (McIntyre 1976) . We defined optimizing the stability of the regression coefficient as minimizing least squares variation from observed values (i.e., maximizing precision) while maintaining goodness of fit throughout the range of biomass values (i.e., maintaining accuracy), subject to the constraint that all calibration plots should be measured and clipped in 1 team-day (3 person-days). Using these constraints, 16 calibration plots were measured in 1 team-day. We recommend this technique in experiments requiring nondestructive estimates of aerial biomass changes through time.
